Assembly of DNA into chromatin requires a delicate balancing act, as both dearth and excess of histones severely disrupt chromatin function [1] [2] [3] . In particular, cells need to carefully control histone stoichiometry: if different types of histones are incorporated into chromatin in an imbalanced manner, it can lead to altered gene expression, mitotic errors, and death [4] [5] [6] . Both the balance between individual core histones and the balance between core histones and histone variants are critical [5, 7] . Here, we find that in early Drosophila embryos, histone balance in the nuclei is regulated by lipid droplets, cytoplasmic fat-storage organelles [8] . Lipid droplets were previously known to function in long-term histone storage: newly laid embryos contain large amounts of excess histones generated during oogenesis [9] , and the maternal supplies of core histone H2A and the histone variant H2Av are anchored to lipid droplets via the novel protein Jabba [3] . We find that in these embryos, synthesis of new H2A and H2Av is imbalanced, and that newly produced H2Av can be recruited to lipid droplets. When droplet sequestration is disrupted by mutating Jabba, embryos display an elevated H2Av/H2A ratio in nuclei as well as mitotic defects, reduced viability, and hypersensitivity to H2Av overexpression. We propose that in Drosophila embryos, lipid droplets serve as a histone buffer, not only storing maternal histones to support the early cell cycles but also transiently sequestering H2Av produced in excess and thus ensuring proper histone balance in the nucleus.
Results

Jabba Mutant Embryos Display Temperature-Dependent Developmental Defects
Newly laid Drosophila embryos contain large stockpiles of histone proteins and histone mRNAs [9, 10] , generated during oogenesis. Certain maternally provided histone proteins (the core histones H2A and H2B and the histone variant H2Av) are stored on lipid droplets via the droplet protein Jabba [9, 11] . Droplet binding apparently protects the extranuclear histone pool from degradation and thus mediates long-term storage of maternally synthesized histones [11] .
Jabba mutant embryos compensate for this loss of histone storage by synthesizing abundant new histones, sufficient to support seemingly normal early embryonic development [11, 12] . We speculated that new histone biosynthesis might be insufficient to deal with unpredictable increases in histone demand, and that environmental conditions that speed up development might therefore be particularly challenging to Jabba embryos.
Most of our previous analysis had been performed at room temperature (RT, corresponding to w21 C). At 25 C, embryogenesis is about 38% faster than at 21 C [13] . We therefore examined embryos raised at 25 C for signs of ''nuclear falling'' [14] , an embryo-specific DNA damage response that can be triggered by an insufficient histone supply [11, 15] . In wild-type embryos at 25 C, nuclear falling was rare, just like in wild-type and Jabba mutant embryos at RT [11] ; in contrast, about half of the Jabba mutant embryos at 25 C showed nuclear falling ( Figures 1A and 1B) . Although most of the mutant embryos cellularized and gastrulated, they hatched at lower rates than the wild-type ( Figure 1D ). Three independently derived Jabba alleles gave similar phenotypes ( Figure 1C ).
Increased Levels of Nuclear H2Av in Jabba Embryos
Yeast cells with an insufficient H2B supply package the newly replicated DNA without H2B but arrest in mitosis due to defective chromosome segregation [2] . In Jabba embryos, the loss of droplet-stored H2A and H2B might similarly cause diminished histone incorporation during S phase. We examined nuclear histone accumulation by immunostaining, focusing specifically on early mitosis, but found no obvious difference in either H2A or H2B between wild-type and Jabba embryos ( Figure 2B ; see also Figures S1E-S1G available online). The two genotypes also showed essentially no change in the H2B/H3 ratio (Figures S1A and S1B); histone H3 is not associated with lipid droplets [9] , and its levels are unaltered in Jabba mutants [11] . Thus, at the elevated temperature, new synthesis of H2A and H2B is sufficiently upregulated to achieve near normal nuclear accumulation in Jabba embryos.
Lipid droplets also store the variant histone H2Av [11] . H2Av replaces a small fraction (5%-10% [16] ) of H2A molecules in chromatin and has important roles in transcriptional regulation and DNA repair (reviewed in [17] ). In Jabba mutant embryos, nuclear H2Av signal was dramatically elevated compared to the wild-type ( Figures 2B and 2C ). An increased H2Av/ H2B ratio was also observed with two additional Jabba alleles (data not shown). Using strains that carry H2AvGFP transgenes, we found that Jabba mutant embryos also display increased nuclear GFP signal, as assessed by GFP fluorescence in living embryos (data not shown) or by anti-GFP immunostaining after fixation ( Figure 2D ). Increased H2Av accumulation varied with embryonic stage (Figures 2A-2D ): during cycles 10-13, Jabba mutants had increasingly more H2Av or H2AvGFP in the nuclei than wild-type embryos; by early cycle 14, the two genotypes displayed similar nuclear levels of these histones (Figures 2A, 2D , and 2E). We conclude that loss of Jabba causes a stage-specific increase in nuclear H2Av levels and alters the balance between H2Av and canonical histones in the nucleus.
We also measured relative H2Av levels biochemically, by comparing histone levels in individually staged blastoderm embryos. We centrifuged wild-type embryos to accumulate the droplets at one end of the embryo in a compact layer [18] that, after fixation, could be removed manually. Western *Correspondence: michael.welte@rochester.edu blotting for the lipid-droplet protein LSD-2 demonstrates that our procedure largely depleted lipid droplets ( Figure 2F ). For Jabba mutants, we used entire embryos, as there is no droplet pool of histones. Relatively elevated H2B and H2A levels in the wild-type may reflect that our preparations retain some lipid droplets and their associated histones ( Figures 2F and S1H) . Nevertheless, levels of H2Av were higher in Jabba embryos ( Figures 2F and S1C) . These results support that in Jabba mutants nuclear H2Av and H2A levels are imbalanced.
Newly Synthesized Histones Can Accumulate on Lipid Droplets How does the H2Av/H2A ratio in Jabba embryos become abnormal? The role of Jabba in long-term histone storage on droplets provides a paradigm: histones synthesized during oogenesis are stored on lipid droplets until they are needed during embryo development. Both wild-type and Jabba mutants also generate new histones during early embryogenesis, as shown by the increase in H2A and H2Av levels over time (Figures 3A-3C ; see also [9] ). In Jabba mutants, H2Av levels increase faster than those of H2A, indicating unbalanced synthesis. We propose that in the wild-type, H2Av generated in excess can be transiently sequestered on lipid droplets; without Jabba, excess H2Av could not be retained in the cytoplasm, and thus the H2Av/H2A ratio in the nucleus might directly reflect the rate at which these two histones are produced, leading to a skewed H2Av/H2A ratio in their nuclei.
If this model is correct, then histone loading onto droplets is not restricted to oogenesis but can occur for H2Av newly synthesized in the embryo. We generated females expressing Gal4 in the germline and carrying a UAS-H2AvGFP transgene [19] ; embryos obtained from these females were centrifuged, fixed, and stained for GFP. In cleavage-stage embryos, we detected only background levels of GFP signal, indicating that only limited amounts of H2AvGFP were produced during oogenesis; by syncytial blastoderm, signal was dramatically increased, suggesting that H2AvGFP was newly produced. This H2AvGFP was present both in nuclei and in the lipiddroplet layer ( Figure 3D ). We conclude that newly synthesized H2Av can indeed localize to lipid droplets in the embryo. Using a UAS-H3GFP construct [20] , we also observed an increase in GFP signal from cleavage stages to the syncytial blastoderm, but this newly made H3-GFP was detected just in the nuclei ( Figure 3E ), consistent with the fact that endogenous H3 fails to accumulate on lipid droplets [9, 11] .
As an independent test, we transplanted lipid droplets between embryos from mothers of two different genotypes (Figure 3F ). Donor embryos were from females wild-type for Jabba and expressing H2AvRFP; the red fluorescent protein marks the lipid droplets, and Jabba might provide docking sites for newly made histones. Recipient embryos were from females lacking Jabba and expressing H2AvGFP; these embryos lack maternally provided H2AvGFP proteins stored on lipid droplets [11] but are able to synthesize new H2AvGFP in the , Jabba
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, and Jabba DL are independently derived Jabba alleles [11] . Error bars represent SDs. Red bars correspond to wild-type; blue bars correspond to Jabba mutants. (D) Hatching frequency of embryos from wild-type and Jabba zl01 mothers, crossed to wild-type males, at 21 C or 25 C. Embryos from Jabba zl01 mothers show a reduced rate of hatching at 25 C. Error bars represent SDs. Red bars correspond to wild-type; blue bars correspond to Jabba mutants. **p < 0.01. embryo. We detected GFP signal on the transplanted H2AvRFP lipid droplets ( Figures 3G and 3H ), indicating that they had recruited H2AvGFP. H2Av can thus be loaded onto lipid droplets even in the embryo, and lipid droplets should be able to capture H2Av synthesized in excess.
Jabba Mutant Embryos Are Sensitive to Extra Copies of H2Av Jabba mutant embryos display an abnormal H2Av/H2A ratio in their nuclei (Figure 2 ) as well as massive nuclear falling and reduced hatching (Figure 1 ). These phenotypes may be causally related, because females carrying four transgenes expressing H2AvGFP and H2AvRFP fusions produced embryos that displayed massive nuclear falling ( Figure S2 ) and hatched at very low rates (<1%). As the transgenes are fully functional [21] , these defects are likely due to H2Av overproduction.
If the excessive H2Av accumulating in Jabba mutant nuclei is the cause of the embryonic defects, then Jabba mutants should be hypersensitive to H2Av dosage. One copy of H2AvGFP increased the percentage of Jabba embryos displaying massive nuclear falling and decreased the hatching rate; these defects were enhanced by further increase in H2Av dosage ( Figures 4A and 4B) . However, in a wild-type background, one or two copies of the transgene did not cause nuclear falling. When we reduced expression of endogenous H2Av in Jabba embryos, using the hypomorphic H2Av 05146 allele [22] , nuclear falling and hatching defects were ameliorated ( Figures 4A and 4B) . We conclude that Jabba embryos are hypersensitive to H2Av overexpression and that the embryonic defects observed in Jabba embryos are at least partially due to excessive accumulation of H2Av in nuclei.
Discussion
Balanced levels of core histones and histone variants are crucial for genome stability, correct transcription, and successful mitosis [4] [5] [6] . To ensure proper histone balance, the synthesis of different histones is thus well coordinated transcriptionally and posttranscriptionally [23] [24] [25] [26] . However, how the histone supply is coordinated posttranslationally remains poorly studied. In Drosophila, lipid droplets employ Jabba to store H2A, H2B, and H2Av synthesized during oogenesis [11] . When synthesis of new histones is impaired, this long-term storage of maternal histones is essential for early embryogenesis [11] . In this study, we show that lipid droplets can also mediate short-term sequestration of H2Av newly synthesized in embryos. Lack of this buffering capacity leads to an abnormal nuclear H2A/H2Av ratio, hypersensitivity to H2Av overexpression, and DNA damage and embryonic death. Thus, lipid droplets protect against the detrimental consequences of imbalanced histone production and buffer the H2Av supply.
The existence of this buffering system may not be restricted to Drosophila embryos. Both histones and Jabba may be present on fat-body lipid droplets in Drosophila larvae [27] , and there are numerous reports of histones on lipid droplets in other species, from yeast and worms to mice and humans (discussed in [11] ). Lipid droplets may also buffer the availability of proteins other than histones, as a number of ''refugee proteins,'' representing proteins from various cellular compartments, can transiently accumulate on lipid droplets [28] .
Altered H2Av/H2A Ratio in the Nuclei of Jabba Embryos Although Drosophila embryos are endowed with an enormous pool of maternally deposited histone proteins, they synthesize further histones during the first few hours of embryogenesis (Figures 3G and 3I ; [9] ). As expression of canonical histones and histone variants is regulated by distinct mechanisms (e.g., histone variant mRNAs contain poly(A) tails, while canonical histones mRNAs lack them [29] ), it is presumably challenging to produce these histones in a perfectly coordinated manner. Indeed, we have evidence that synthesis of H2A and of H2Av is imbalanced: in Jabba embryos, the levels of these histones rise at different rates ( Figures 3A and 3B) .
After H2A and H2Av have been synthesized, they typically dimerize with H2B, bind to histone chaperones in the cytoplasm, and are imported into the nucleus [23, 30] . If their binding partner H2B is limiting, H2A and H2Av might compete with each other for assembly into heterodimers, leading to skewed incorporation into chromatin. Consistent with this idea, H3 competes with the H3 variant CENP-A for chromatin incorporation at centromeres when the H3/CENP-A ratio is artificially increased [7, 31] . In embryos that lack Jabba, imbalanced production of H2A and H2Av indeed results in an altered H2A/H2Av ratio in the nuclei (Figures 2 and S1 ). We propose that in the wild-type supernumerary H2Av generated due to imbalanced synthesis is sequestered on lipid droplets, allowing the embryo to maintain a proper H2A/H2Av ratio.
In other cells, excess nonchromatin histones are proteolyzed with a half-life of 30 min [32] . In early Drosophila embryos, the cell cycles are extremely rapid (9-20 min at 25 C) and, in particular, lack G2 phases [33] . Thus, there may simply not be enough time for this surveillance system to function, making buffering on lipid droplets particularly crucial. Intriguingly, we observed an imbalanced nuclear H2A/H2Av ratio in nuclear cycles with relatively short interphases (e.g., less than 6 min in cycle 10); in cycle 14, where the interphase last over an hour, the H2A/H2Av ratio in Jabba nuclei returns to normal.
It is unresolved whether the dramatic increase in nuclear H2Av levels in Jabba mutants is associated with a concomitant decrease in nuclear H2A. Since H2A is much more abundant than H2Av, the expected small reduction in H2A accumulation may not be detectable with the sensitivity of our methods ( Figure S1 ). Regardless of whether absolute levels of H2A are changed, nuclear H2Av/H2A ratio is clearly altered. This elevated H2Av/H2A ratio might disrupt gene expression, since H2Av is involved in both repression and activation of transcription [34] [35] [36] . In the wild-type, we detected an increase in nuclear H2Av from cycle 10 to cycle 13 (Figures 2A and  2D) , coinciding with the increase in zygotic gene expression through these cycles [37] . Thus, the increased H2Av/H2A ratio in Jabba mutants might result in untimely expression of certain genes; premature activation of zygotic transcription has indeed been linked to mitotic errors and embryonic death [38] .
Similarities between Jabba and Histone Chaperones
We propose that Jabba buffers the histone supply by transiently sequestering excess histones and keeping them available for later use. Such buffering has also been reported for histone chaperones [3, 39] . Similarly, Jabba is responsible for storing maternal histones H2A/H2B/H2Av in Drosophila embryos; a similar function is performed by the chaperone nucleoplasmin in Xenopus embryos [40] . Jabba and histone chaperones share a number of other characteristics. Like chaperones, Jabba exists in transient protein complexes with histones [11] , and the bound histones can be released to enter nuclei [9] . Histone binding to lipid droplets-and thus (B) Wild-type and Jabba zl01 embryos in prometaphase, stained for H2Av (green) and H2B (red). In cycle 10-12 embryos (left to right), Jabba zl01 nuclei contain similar amounts of H2B but more H2Av than in the wild-type. Scale bar represents 10 mm.
(legend continued on next page) presumably to Jabba-depends on electrostatic interactions [9] ; a highly acidic stretch in the C-terminal half of Jabba is an intriguing candidate for mediating this interaction. Although it remains unclear how chaperones interact with histones to assemble nucleosomes, charge complementarity and acidic tracts are considered to be important [41] .
In this paper, we provide evidence for the transient sequestration of histone H2Av on lipid droplets via Jabba. Since (C) Quantification of H2Av signal. The nuclear H2B and H2Av signal of at least three embryos in each cycle was quantified using ImageJ. H2Av levels are normalized against H2B. White bars represent the wild-type; black bars represent Jabba mutants. Error bars represent SDs. (D) GFP immunostaining of H2AvGFP/+ and Jabba zl01 , H2AvGFP/+ embryos. The Jabba mutants show increased nuclear H2AvGFP in cycles 10 to 13, but when cellularization starts (cycle 14, right), the nuclear H2AvGFP levels are similar to wild-type. Scale bar represents 10 mm. (E) Quantification of GFP signal in (D). Error bars represent SDs of the data collected from three different embryos in the same cycle. White bars represent H2AvGFP in the wild-type background; black bars represent H2AvGFP in a Jabba mutant background. (F) Jabba mutant embryos and centrifuged wild-type embryos lacking the lipid-droplet layer were compared by western blotting (see main text for details). Jabba embryos have more nuclear H2Av. Timing of embryo collections and visual sorting was used to enrich for cycle 12 and 13 embryos. (G) Quantification of western blotting experiments as in (F). The H2Av/H2B ratio was normalized to the value observed in the wild-type. Error bar represents the SD from three repeat experiments. All embryos used were collected and raised at 25 C. **p < 0.01; *p < 0.05; NS, not significant. See also Figure S1 . Jabba recruits H2A and H2B to lipid droplets during oogenesis, we predict that lipid droplets can also buffer overproduction of H2A or H2B. This property does not appear to be critical in early embryos, since we did not detect changes in the H2B/ H3 ratio in Jabba embryos, but it may be physiologically important at other developmental stages. Since H3 is absent from embryonic lipid droplets [9, 11] , we predict that this buffering function does not extend to the other canonical histones. The mechanistic basis for Jabba's specificity is an intriguing, unsolved problem.
Jabba Embryos Are Sensitive to High Temperature In Jabba embryos, nuclear falling and hatching defects only become apparent at 25 C, a temperature well within the normal range experienced by Drosophila melanogaster in the wild and not a stressful condition per se [42] . Drosophila embryogenesis is highly streamlined to be as fast as possible [43] . At 25 C, development is even faster than at RT, limiting the time available for embryos to remove excess histones. In the absence of lipid-droplet sequestration, this should increase the imbalance in H2A and H2Av accumulation in nuclei even further. At 25 C, nuclear H2Av levels of Jabba embryos are indeed slightly higher than at 21 C ( Figures S1C and S1D ). The reduced hatching rates of Jabba mutants at elevated temperatures suggest that sequestering histones on lipid droplets provides a selective advantage, enabling wild-type flies to thrive across a broader temperature range and to withstand temperature variations. We thus propose that the Jabba-based machinery contributes to thermal robustness of embryogenesis. (A) Females of various genotypes were crossed with wild-type males, and the extent of nuclear falling was quantified as in Figure 1C . Embryos from Jabba mothers with increased H2Av dosage are more likely to show massive nuclear mislocalization. Jabba zl01 and Jabba DL are different Jabba alleles; Df = Df(2R)7158 is a large deletion that encompasses Jabba; H2Av 05146 is a hypomorphic allele of H2Av. Error bars represent SDs of three repeated experiments. Approximately 110 embryos were counted for each repeat. (B) Embryos from Jabba mothers with extra copies of H2AvGFP hatch at reduced rates. Error bars represent SDs; over 100 embryos were counted per experiment (n = 5). (C) Double staining of blastoderm embryos for DNA (blue) and centrosomes (CNN, green). Scale bar represents 10 mm. **p < 0.01, *p < 0.05. NS, not significant. See also Figure S2 .
